Aims/hypothesis Rapamycin, part of the immunosuppressive regimen of the Edmonton protocol, has been shown to inhibit vascular endothelial growth factor (VEGF) production and VEGF-mediated survival signalling in tumour cell lines. This study investigates the survival-promoting activities of VEGF in human islets and the effects of rapamycin on islet viability.
Materials and methods Levels of VEGF and its receptors in isolated human islets and whole pancreas was determined by western blotting and immunostaining. Islet viability following VEGF or immunosuppressive drug treatment was determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Islet VEGF release was measured by ELISA. Mouse islets infected with an adenovirus expressing the gene for VEGF were transplanted syngeneically into streptozotocin-induced diabetic mice, with blood glucose levels measured three times per week. Results Isolated human islets produced multiple isoforms of VEGF and VEGF receptors 1, 2 and 3 and the coreceptor neuropilin 1. Exogenous VEGF (10 ng/ml) prevented human islet death induced by serum starvation, which suggests that VEGF can act as a survival factor for human islets. Transplantation of mouse islets infected with a VEGF-expressing adenovirus in a syngeneic model, improved glycaemic control at day 1 post-transplantation (p< 0.05). Rapamycin at 10 and 100 ng/ml significantly reduced islet VEGF release (by 37±4% and 43±6%, respectively; p<0.05) and at 100 ng/ml reduced islet viability (by 36±9%) and insulin release (by 47±7%, all vs vehicle-treated controls; p<0.05). Tacrolimus had no effect on islet VEGF release or viability. Conclusions/interpretation Our data suggest that rapamycin may have deleterious effects on islet survival posttransplantation, both through a direct effect on islet viability and indirectly through blockade of VEGF-mediated revascularisation. 
Introduction
Successful pancreatic islet transplantation achieves significantly better glycaemic control than is achieved with bolus insulin injections, with almost complete resolution of hypoglycaemia even with partial graft function [1] [2] [3] [4] . Increased availability of this procedure is therefore an important goal. A key feature of the Edmonton protocol [1] is an increased functional islet mass relative to previous protocols. This is achieved by transplantation of only high-yield islet preparations (to reach a minimum of 10,000 islet equivalents/kg) and by performing multiple transplants. Equally important is maximisation of islet viability at all stages of the isolation and transplant procedure, including use of a less diabetogenic, corticosteroid-free, immunosuppressive regimen (daclizumab, tacrolimus and rapamycin). Even with optimised protocols, islets are subject to multiple insults post-transplantation that result in significant islet loss [5] [6] [7] . Thus, therapeutic manoeuvres capable of promoting revascularisation and preventing early cell death will permit the survival of an adequate islet mass to achieve sustainable insulin independence and thus optimise the use of donated cadaveric human pancreases. Such treatments need to prevent the loss of transplanted islets and beta cells, which may contribute to significant graft failure beyond 1 year from transplant. The aim of this study was to determine the role of vascular endothelial growth factor (VEGF) as an autocrine survival factor for beta cells and to investigate the effects of the immunosuppressant rapamycin. We propose that this pathway may be important in preservation of transplanted beta cell mass.
In addition to its potent angiogenic action, the conventional VEGF isoform, VEGF 165 , is a long-established survival factor for endothelial cells (ECs) [8, 9] . More recently, VEGF 165 has been demonstrated to promote survival in an autocrine manner for a number of other cell types, including podocytes [10] , renal tubular epithelial cells [11] , haematopoietic stem cells [12] and tumour cells [13] .
VEGF-A (generally referred to simply as VEGF) is the founder member of a family of growth factors that includes VEGF-A, -B, -C, -D, -E and placental growth factor. Multiple isoforms of human VEGF-A are generated from splicing of VEGF pre-mRNA, resulting in two families of isoforms. Conventional pro-angiogenic (VEGF xxx ) and the recently described anti-angiogenic (VEGF xxx b) families result from differential splicing of exon 8 ( xxx representing amino acid number). Differential splicing in exons 6 and 7 produces isoforms within each family with varying heparin binding activity (e.g. 189, 189b,165, 165b, etc) [14] [15] [16] [17] . Since revascularisation and beta cell survival have been implicated in the short-and medium-term survival of islets, this study considers the role of the predominant pro-angiogenic, pro-epithelial survival isoform, VEGF 165 .
In the rat, hypoxia induces increased production of VEGF 120 and VEGF 164 isoforms (equivalent to human VEGF 121 and VEGF 165 ) and VEGF receptor 1 (VEGF-R1, also known as Flt-1) and 2 (VEGF-R2, also known as KDR/Flk-1) in islets [18] [19] [20] [21] . Following transplantation, rat islets produce VEGF specifically in insulin-producing cells [22] . Transfection of murine islets with VEGF 165 cDNA [23] , or encapsulation of rat islets in collagen supplemented with recombinant human VEGF 165 (rhVEGF 165 ) [24] has been shown to increase revascularisation and improve graft function. Thus, VEGF may be expected to ameliorate damage to islets in the immediate post-transplant period. Array technology has shown that isolated human islets express VEGF [25] , and it has been reported that VEGF protein is co-expressed with insulin [26] , as in the rat. The production of VEGF receptors by human islets has not been characterised in detail. It is well known that the effect of immunosuppressive agents on beta cell insulin secretion varies between species, with beta cell lines being more sensitive to their adverse effects than rodent islets, and human islets being the most resistant [27, 28] . These important inter-species differences in the basic physiology of beta cells may also be apparent when investigating the physiology of VEGF in islets.
In this study we examined the effects of VEGF 165 on islet survival in vitro by characterising endogenous VEGF isoform production, the VEGF receptor profile and the effects of rhVEGF 165 on serum starvation-induced islet and beta cell death. We used a murine islet transplant model to assess the effect of VEGF 165 overexpression on in vivo islet graft function. Tacrolimus and rapamycin are central to the Edmonton protocol. Rapamycin has been reported to promote apoptosis of tumour cell lines, in part by inhibition of VEGF release [29] . We therefore investigated the effect of tacrolimus and rapamycin on human islet survival and VEGF release.
Materials and methods
All chemicals/solutions were obtained from Sigma (Poole, UK) unless otherwise stated.
Isolation and culture of human pancreatic islets Human islets were isolated from pancreases obtained from cadaveric multi-organ donors, with consent of next of kin and with ethics committee approval. Islets were purified by collagenase digestion and continuous density gradient centrifugation on a COBE 2991 cell separator (Gambro BCT, Lakewood, CO, USA), as described in the Edmonton protocol [1] . Islet number and purity were assessed using dithizone staining. All experiments were performed on islets from a single donor in duplicate and repeated at least twice on islets from successive donors.
Human islets were cultured in CMRL 1066 (Biochrom, Berlin, Germany), supplemented with 10% FCS, 2 mmol/l L-glutamine, 100 units/ml penicillin and 100 μg/ml streptomycin at 37°C under conditions of 95% air and 5% CO 2 in untreated Petri dishes. The culture media was changed every 3-4 days, and experiments were carried out within 10 days of islet isolation.
MIN6 cell culture MIN6 insulinoma cells (passages [39] [40] [41] [42] [43] [44] were cultured in T175 cm flasks in 25 mmol/l glucose DMEM, supplemented with 15% FCS, 4 mmol/l L-glutamine, 100 units/ml penicillin and 100 μg/ml streptomycin at 37°C under conditions of 95% air and 5% CO 2 .
VEGF and immunosuppressive drug treatment Tacrolimus (Prograf; Fujisawa, Staines, UK) was solubilised in ethanol (Fisher Scientific, Loughborough, UK) at a concentration of 1 mg/ml and rapamycin was solubilised in DMSO at a concentration of 0.5 mg/ml. Both were stored at −20°C, and dilutions to working concentrations in CMRL were made fresh from stock before each experiment. The experimental concentrations chosen spanned the range of plasma drug levels achieved clinically (0.1, 1, 10 and 100 ng/ml). The final concentration of ethanol or DMSO in the culture medium was less than 0.1%. rhVEGF 165 (R&D Systems, Abingdon, UK) was used at concentrations of 1, 10 or 100 ng/ml in medium without FCS.
Human islets (1,000, purity of 90%) per well of a 24-well untreated culture plate were incubated in 1 ml rhVEGF 165 or drug at working concentrations or vehicle control, in CMRL (without FCS for VEGF experiments) for 72 h at 37°C. Groups of mouse islets were cultured in serum-free RPMI, supplemented with 11 mmol/l glucose, 100 units/ml penicillin and 100 μg/ml streptomycin, in 35 mm untreated Petri dishes, with rhVEGF 165 or vehicle control for 72 h at 37°C. MIN6 cells were plated into 12-well plates in 25 mmol/l glucose DMEM for 1-2 days. Medium was removed and cells were incubated in DMEM containing 3% FCS and rhVEGF 165 for 72 h at 37°C. Following drug treatment, conditioned medium was collected and stored at −80°C until measurement of total VEGF release by ELISA. The viability of rhVEGF 165 or drug-treated cells or human islets was assessed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. For assessment of islet function following drug treatment, islets were subjected to a static insulin release assay.
Determination of cell viability and the release of insulin and VEGF Viability of human islet and MIN6 cells was assessed using an MTT assay. Following VEGF or immunosuppressive drug treatment, islets were pelleted, the supernatant fraction was collected for measurement of total VEGF release, and the islets were then resuspended in 1 ml of MTT solution (1 mg/ml in PBS) and incubated for 4 h at 37°C. Following VEGF treatment of MIN6 cells, medium was removed, replaced with MTT solution and incubated as above. Thereafter, well contents were removed, spun, and the supernatant fraction was discarded. Each pellet was dissolved in 50 μl 2-propanol, and the optical density of the resultant coloured solution was measured at a wavelength of 490 nm on a plate reader. Mouse islet viability was assessed using fluorescein diacetate (FDA), which stains live cells green, and ethidium bromide (EtBr), a red dye which can permeate only cells with damaged membranes. A solution of FDA and EtBr (both at 0.1 mg/ml) was added to islets for 3 min before two rinses with Hanks' balanced salt solution and then examination under a fluorescent microscope. The percentage of dead cells in the islet was then approximated by visual enumeration.
Insulin release was determined using a glucose-stimulated insulin secretion assay. Following drug treatment, 20 islets from each experimental group were hand-picked into wells of a 96-well round-bottomed culture plate (Iwaki, Tokyo, Japan) and washed once with 3.2 mmol/l glucose RPMI. This was done in duplicate. Islets were then exposed to 3.2 mmol/l glucose RPMI (basal glucose concentration) for 30 min at 37°C. Medium was subsequently removed and replaced with either 3.2 or 25 mmol/l glucose RPMI, and the islets incubated at 37°C for 2 h. Insulin released into the medium was measured by ELISA (DRG, Marburg, Germany).
The amount of VEGF released by islets into the culture medium under different conditions was determined using a sandwich ELISA kit (Human VEGF DuoSet, R&D Systems), according to the manufacturer's instructions.
Determination of islet VEGF and VEGF receptor production by western blot analysis Protein was extracted from islets by homogenisation in ice-cold radioimmunoprecipi-tation assay (RIPA) buffer (150 mmol/l NaCl, 1% Nonidet P-40, 5% deoxycholic acid, 1% SDS, 50 mmol/l Tris (pH 8.0), 10 μl/ml protease inhibitor cocktail) and then quantified using a protein assay (Bio-Rad, Hemel Hempstead, UK). Lysates of cultured human glomerular ECs (derived from glomeruli isolated from normal human kidney; Applied Cell Biology Research Institute, Kirkland, WA, USA) and sieved human glomeruli (as previously described [30] ), kind gifts from S. C. Satchell (Academic Renal Unit, University of Bristol, Bristol, UK), were used as controls.
Protein samples were diluted 4:1 with 4× SDS sample buffer (100 mmol/l Tris, pH 6.8, 6% glycerol, 3% SDS, 5% β-mercaptoethanol, 0.1% bromophenol blue) and heated at 95°C for 5 min. Equal amounts of protein were loaded into 10% polyacrylamide gels, run at 200 V for 45 min, and then transferred onto nitrocellulose at 200 V for 1 h. The membranes were blocked with 5% non-fat dried milk in Tris-buffered saline with 0.05% Tween 20 (38 mmol/l TrisHCl, 150 mmol/l NaCl, 0.05% Tween 20 in distilled water; TBST), followed by overnight incubation at 4°C with the following primary antibodies: anti-VEGF (VEGF-C1) at a 1:100 dilution; anti-amylase, anti-VE-cadherin and antineuropilin 1 (Np1-H286) at a 1:200 dilution; anti-VEGF-R1 (Flt1-C17) at a 1:300 dilution; anti-VEGF-R3 (Flt4-C20) at a 1:400 dilution (all from Santa Cruz Biotechnology, Santa Cruz, CA, USA); and anti-VEGF-R2 (Upstate, Milton Keynes, UK) at a 1:2,000 dilution. Anti-β-actin was used at a 1:5,000 dilution as a loading control. All antibody dilutions were made in 5% non-fat dried milk TBST.
After primary antibody incubation, blots were washed with TBST and then incubated for 1 h with the appropriate horseradish peroxidase-conjugated secondary antibody. After washing, the blots were developed using the enhanced chemiluminescence system (Amersham Life Sciences, Little Chalfont, Bucks, UK) or the SuperSignal West Femto Maximum Sensitivity Substrate Kit (Pierce, Rockford, IL, USA). For examination with a second antibody, membranes were stripped by incubating at 60°C for 30 min in stripping buffer (100 mmol/l β-mercaptoethanol, 2% SDS, 62.5 mmol/l Tris-HCl, pH 6.7) and subsequently blocked and reprobed with a second primary antibody.
Localisation of VEGF receptors in human islets by immunohistochemical and fluorescence staining Tissue was taken from the body region of three human pancreases before islet isolation. Tissue was fixed in 10% formalin in 0.9% buffered saline and prepared for paraffin wax embedding. Serial sections (4 μm) were cut onto coated slides. Sections were subjected to heat-induced epitope retrieval with slides immersed in 10 mmol/l sodium citrate, and then endogenous peroxidase activity was blocked with hydrogen peroxide treatment. Slides were incubated with 5% normal swine serum for 20 min, followed by primary antibodies (as above; VEGF-R1, VEGF-R2 or neuropilin 1 at dilutions of 1:50, 1:500 and 1:50, respectively), together with insulin (guinea pig anti-insulin antibody) at a 1:200 dilution, overnight at 4°C. A secondary goat anti-rabbit antibody conjugated to horseradish peroxidase (Dako, Ely, UK) was used, and VEGF receptor antibody binding was localised with diamino benzidine hydrochloride. Insulin labelling on the same section was localised with a goat anti-guinea pig antibody (Santa Cruz Biotechnology) conjugated to rhodamine. Slides were examined under a fluorescence microscope.
Mouse islet isolation, ex vivo gene transfer and transplantation of VEGF 165 over-expressing islets Inbred male C57BL/6 mice, aged 8-14 weeks (20-25 g) were used as donors and transplant recipients. Mice were housed in a specific pathogen-free facility at the University of Bristol, at 22°C with a 12 h light/dark cycle and free access to chow and water. Procedures were performed in accordance with the UK Home Office regulations.
Mouse islets were isolated and transplanted as previously described [31] . Briefly, islets were isolated by digesting pancreases with collagenase P and purified on a discontinuous Ficoll density gradient as described by Gotoh et al. [32] . Islets were hand-picked and transferred to DMEM supplemented with 10% FCS, 11 mmol/l glucose, 100 units/ml penicillin and 100 μg/ml streptomycin for culture.
Adenoviruses expressing VEGF 165 (Ad-VEGF 165 ) were generated as described [33] . Mouse islets were infected with Ad-VEGF 165 or a null virus, at a multiplicity of infection (MOI) of five plaque-forming units per cell, for 1 h. Islets were hand-picked and transplanted immediately.
To induce diabetes in transplant recipients, animals were fasted overnight and then given 160 mg/kg of streptozotocin by intraperitoneal injection, 3 days before transplantation. Mice were anaesthetised, and then 200 islets infected with either null virus (n=10 mice) or Ad-VEGF 165 (n=9 mice) were implanted under the left renal capsule. Blood glucose analysis, using an Accuchek II blood glucose monitor (Roche Diagnostics, Basel, Switzerland), was performed on samples taken from the tail vein on postoperative day 1 and three times per week up to postoperative day 20.
Statistical analysis All data are expressed as means ± SEM. Control and experimental conditions were compared using unpaired t tests. A p value of ≤0.05 was considered significant. For graphic and statistical analysis the software package Prism (Graphpad Software, San Diego, CA, USA) was used.
Results
Human islets produce VEGF and VEGF receptors Protein production of multiple VEGF isoforms was detected by western blotting of protein extracted from islets on days 0-5 post-isolation. The multiple bands found are consistent with the different VEGF isoform dimers of amino acid length 121, 145, 165 and 189 residues (Fig. 1a) .
Production of VEGF-R1, -R2, -R3 and neuropilin 1 protein was detected by immunoblotting of protein extracted from islets 0-5 days post-isolation (Fig. 1b) . There was no change in the levels of VEGF-R1, -R2, -R3 or neuropilin 1 over time in culture; therefore, only blots from day 1 and day 5 are shown. Full-length VEGF-R2 was seen in isolated islets at each day post-isolation, together with bands of lower weights (70 and 97 kDa), which represent known degradation products of the receptor. The 70 kDa product is present at early time points, but its expression diminishes over time. The opposite is true for the 97 kDa product, which is observed from day 2 onwards. The bands of a lower molecular weight than that predicted for VEGF-R3 are the correct size for the VEGF-R3 monomer.
Since residual ECs within the islet may be the source of VEGF receptors, a comparison was made by immunoblotting for the endothelial-specific molecule VE-cadherin. VEcadherin was detected in the EC-positive control lysate, but not in the islet samples. Exocrine contamination of the islet preparations was assessed by probing the islet lysates for amylase. Amylase was detected only in islets on day 1 postisolation and not at days 2-5, suggesting that it is the endocrine cells themselves that produce the VEGF receptors. However, we could not exclude the possibility that ductal cells present in the islet extract also produce VEGF receptors, as VEGF-R2 expression has previously been demonstrated in pancreatic ducts [34] . Therefore, to confirm which cell types in the islet express the VEGF receptors, immunostaining of pancreas sections was performed (Fig. 1c) . VEGF-R1, -R2 and neuropilin 1 expression was detected in islet cells, and the receptors were found to be colocalised with insulin, thereby suggesting that beta cells express them. Only occasional labelling was detected for VEGF-R2 in pancreatic ductal cells, which were insulin-negative (data not shown).
rhVEGF 165 rescues human and mouse islets and MIN6 beta cells from serum starvation-induced cell death and improves mouse islet graft function The finding that human islets produce VEGF and its receptors suggested the existence of an autocrine feedback loop. To determine whether VEGF could act as a survival factor, serum-starved human islets were treated for 72 h with exogenous rhVEGF 165 and then subjected to an MTT viability assay. Treatment with rhVEGF 165 rescued human islets from Fig. 1 Expression of VEGF and its receptors in isolated human islets and human pancreas. a Human islets were lysed, proteins resolved by SDS-PAGE, and then immunoblotted with anti-pan-VEGF antibody as described in the "Materials and methods" section. Molecular weight markers are indicated on the left, VEGF isoform sizes are indicated on the right. b Full-sized VEGF-R1, -R2, -R3 and neuropilin 1 production examined by western blotting showed ∼180, ∼230, ∼85 and ∼80 kDa bands, respectively. Blots for amylase and VE-cadherin were used to check for exocrine and endothelial cell contamination, respectively. Whole human glomeruli (Gloms) or glomerular endothelial cell (EC) lysates are shown as positive controls. Blots representative of three separate islet preparations are presented. c Immunohistochemical and fluorescence staining of human pancreas for VEGF-R1, VEGF-R2 and neuropilin 1 with insulin. VEGF receptors are colocalised with insulin in the beta cells. Images shown are representative of three different human pancreases. All images are at ×400 magnification; bar=30 μm serum starvation-induced cell death in a dose-dependent manner. At a concentration of 10 ng/ml, rhVEGF 165 elicited a significant increase in cell viability of approximately 37% as compared with the untreated control (p<0.05; Fig. 2a) . VEGF treatment was able to rescue MIN6 beta cells from serum starvation-induced death, albeit with a bell-shaped dose-response curve (Fig. 2b) . The maximal protective effect was seen with 10 ng/ml rhVEGF 165 (225±14% of control; p<0.05). As shown by FDA/EtBr viability staining, treatment with 10 ng/ml rhVEGF 165 for 72 h improved serum-starved mouse islet viability (Fig. 2c) . The percentage of cells stained with EtBr (red), and therefore dead, was estimated per islet, with an average of ten islets assessed per treatment group, in two independent experiments. Approximately 70% of cells in control islets were stained red, compared with only 20% of cells in rhVEGF 165 -treated islets.
We explored the effect of VEGF on mouse islet graft outcome in vivo by monitoring the survival and function of a suboptimal islet mass transplanted into syngeneic diabetic mice. Mice transplanted with Ad-VEGF-infected islets (n=9) showed a significant improvement in glycaemic control over the 20-day period as compared with mice transplanted with islets infected with a null, control virus (n=10), in which euglycaemia was not achieved (p < 0.0001) (Fig. 2d) . Interestingly, a significant difference in blood glucose levels between mice transplanted with Ad-VEGFinfected islets and mice transplanted with null, control virus-infected islets was observed as early as day 1 posttransplantation (p<0.05).
Effect of immunosuppressive drugs on human islet viability, VEGF release and glucose-stimulated insulin secretion A dose-dependent reduction in islet viability was found after 72 h of rapamycin treatment (Fig. 3a) . With 100 ng/ml rapamycin treatment there was a 36±9% reduction in MTT metabolism compared with control islets (OD 490 nm 0.159± 0.014 for 100 ng/ml rapamycin-treated islets vs 0.251±0.030 for control islets; p<0.01). Rapamycin was found to have a dose-dependent inhibitory action on the release of total VEGF, with the threshold concentration for reduction of VEGF production being 10 ng/ml (VEGF release 0.304± 0.011 pg islet −1 72 h −1 , 62±4% of control; p<0.05).
Treatment with 100 ng/ml rapamycin reduced islet VEGF release to 56±6% of that of control islets (0.273±0.017 pg islet −1 72 h −1 vs 0.487±0.049 pg islet −1 72 h −1 for control islets; p<0.01). Tacrolimus for 72 h had no effect on either islet viability or VEGF release at any of the concentrations tested (Fig. 3b) . The finding that 10 ng/ml rapamycin reduced islet VEGF release but not viability suggests that rapamycin has a specific mechanism of action, distinct from that of tacrolimus, for inhibition of islet VEGF production. At therapeutic concentrations, both tacrolimus and rapamycin treatment reduced glucose-stimulated insulin secretion 
Discussion
To date, the study of VEGF in islet transplantation has focused only on its pro-angiogenic activities. However, VEGF is also an established survival factor for a number of non-endothelial cell types. This, together with the recognition that at least 50% of infused islets are lost within the first few days following transplantation, led us to explore the possibility that rhVEGF 165 may act as a survival factor for human islets. We have shown that normal isolated human islets express the VEGF receptors VEGF-R1, -R2 and -R3, as well as the coreceptor neuropilin 1. We have reproduced the recently described data on VEGF production in isolated human islets [35] , yet our data suggest that VEGF is produced under standard culture conditions, in contrast to the hypoxic environment used in the study by Lai et al. [35] . The expression of neuropilin 1 has previously been described in islet cells using immunohistochemistry of pancreas sections from chronic pancreatitis specimens [36] . We have confirmed this observation in normal human pancreas Insulin secretion by drug-treated islets is expressed as pmol/l per islet per h. Data are the means±SEM of duplicate samples from experiments using islets from three different donors. Islets were treated with each drug at the concentrations shown for 72 h previously. A significant reduction in glucose-stimulated insulin secretion was observed after exposure to rapamycin at 10 and 100 ng/ml (a) and tacrolimus at 10 and 100 ng/ml (b).*p<0.05 sections and have also shown colocalisation of VEGF-R1, -R2 and neuropilin 1 with insulin in the beta cells. The expression of both full-length and proteolytically processed VEGF receptors suggests the existence of an autocrine survival pathway, as has been previously demonstrated for a number of cell types other than ECs [10] [11] [12] [13] . Although the evidence for an autocrine survival pathway in no way reduces the likely importance of the VEGF-induced revascularisation of transplanted islets, capillary sprouting does not start until day 3 or 4 post-isolation [37] , by which time more than one-half of the infused islets have been destroyed. VEGF 165 may therefore have a double protective action by increasing islet survival early after transplantation and then promoting the revascularisation of those surviving islets. Studies of the effects of pretreatment of islets with VEGF have produced conflicting results [38, 39] , but we have demonstrated a beneficial effect of VEGF co-expression on transplanted islet survival in vivo. Glycaemic control was improved as early as day 1 post-transplantation, before the initiation of revascularisation, suggesting that VEGF may have a direct protective effect on islet viability that is independent of revascularisation. A recent study in which human islets were co-infected with adenoviruses encoding rhVEGF 165 and IL-1 receptor antagonist described an improvement of in vitro islet viability and glycaemic control [40] , thereby supporting our hypothesis that VEGF 165 may have the potential to act as an islet survival factor.
Rapamycin appears to have deleterious effects on rodent islet viability and function at supra-therapeutic concentrations [41, 42] . One study demonstrated that rapamycin, again at a supra-therapeutic concentration of 50 ng/ml, exerted a negative effect on insulin release from human islets [43] ; however, it did not further explore the effects of rapamycin on islet viability. Here we show that rapamycin has detrimental effects on both human islet function and survival, possibly by inhibition of VEGF secretion. The effect on VEGF secretion occurred at a lower concentration (10 ng/ml) than the effect on viability (100 ng/ml), so inhibition of VEGF release is unlikely to be a consequence of reduced viability. If VEGF is acting as a survival factor for isolated human islets, then an inhibitory effect of rapamycin on VEGF release and a potential blockade of VEGF-mediated survival signalling pathways may reduce islet viability, in addition to rapamycin-induced inhibition of other mammalian target of rapamycin (mTOR)-mediated cell survival pathways [44] . Interestingly, an essential requirement for islet-derived VEGF in the revascularisation of transplanted mouse islets has recently been reported [45] , and another recent study described the rapamycin-mediated inhibition of human islet EC migration and proliferation, and angiogenesis following transplantation of human islets subcutaneously into severe combined immunodeficient (SCID) mice [46] . These data support our findings and highlight the potentially deleterious actions of rapamycin in islet transplantation.
The immunosuppressive regimen of the Edmonton protocol was specifically designed to be steroid-free and calcineurin inhibitor-sparing, with the use of rapamycin and a much reduced dose of tacrolimus [1] . The trough levels of rapamycin targeted in peripheral blood are in the same range as those found to evoke detrimental effects on human islet insulin secretion and to reduce islet VEGF release in our study. In addition, transplanted islets are exposed to higher peak rapamycin levels in the portal blood, which may have concentrations up to twofold higher than those found peripherally [47] . In one study, in which dogs were treated with oral immunosuppressive agents, the portal C max of rapamycin was found to be 187±30 ng/ml, compared with a systemic C max of 91±13 ng/ml [48] . Thus, rapamycin exposure could have a major adverse effect on the function and survival of transplanted islets. Additionally, a recent study highlighted a deleterious effect of rapamycin on islet ductal cell proliferation [49] . The authors speculate that this inhibition of ductal neogenesis could be a contributor to the failure of islet grafts in the long term, as has been recently reported [50] .
Further refinement of immunosuppressive protocols could increase islet survival, thereby optimising the use of the scarce resource that is the donor pancreas. Our results demonstrate a potential VEGF-mediated autocrine survival pathway that could be exploited to preserve the transplanted islet mass and protect against the detrimental effects of immunosuppressive agents.
